MicroRNAs (miRNAs) are small noncoding RNA transcripts expressed throughout the brain that can regulate neuronal gene expression at the post-transcriptional level. Here, we provide an overview of the role for miRNAs in brain development and function, and review evidence suggesting that dysfunction in miRNA signaling contributes to neurodevelopment disorders such as Rett and fragile X syndromes, as well as complex behavioral disorders including schizophrenia, depression and drug addiction. A better understanding of how miRNAs influence the development of neuropsychiatric disorders may reveal fundamental insights into the causes of these devastating illnesses and offer novel targets for therapeutic development.
Introduction
Profiling genome-wide mammalian transcriptional output (known as the transcriptome) has provided important insights into the complexity of RNA biology. Notably, mammalian cells expend large amounts of energy producing vast quantities of small and large RNA transcripts that do not code for protein, termed noncoding RNAs (ncRNAs). Short (22 nucleotides [nt] ) ncRNAs, known as microRNAs (miRNAs), have been implicated in almost all aspects of cell biology. Here, we provide an overview of the role for miRNAs in brain development and function, and highlight recent findings implicating miRNAs in neurodevelopmental and neuropsychiatric disorders. We also discuss progress towards miRNA-based therapeutics to treat these conditions.
MicroRNAs in brain development and function
The enzymatic machinery and sequence of intracellular events involved in the biogenesis and maturation of miRNAs are highly conserved across animals and plants (Figure 1 ). In animals, miRNAs generally bind to the 3 0 untranslated (3 0 UTR) region of target mRNA transcripts by incomplete complementation, particularly at the 5 0 end of the miRNA, referred to as the seed region. Such pairing, which typically occurs via imperfect complementation in mammals, results in translational repression or degradation of target transcripts. This means that each miRNA can simultaneously regulate potentially hundreds or even thousands of mammalian mRNA transcripts, suggesting that miRNAs act as master regulators of gene expression.
Expression of many miRNAs is dynamically regulated during neurogenesis, neuronal maturation and brain development [1] , and accumulating evidence supports a key role for miRNAs in these processes [2, 3] . Genetic deletion of Dicer disrupts miRNA biogenesis (Figure 1 ) and is a widely used strategy to investigate the role for miRNAs in neurodevelopmental processes. Dicer-deficient zebrafish display marked defects in neural development [4] , and injection of miR-430, an otherwise brain-abundant miRNA, rescues many of these defects [4] . In mice, deletion of Dicer results in deficits in brain development, failure to develop appropriate neuronal phenotype, neuronal atrophy, severe growth defects and early death [5] [6] [7] [8] . Dicer deficiency often coincides with neuronal accumulation of proteins typically associated with neurodegenerative disorders [9] . For example, hyperphosphorylation of endogenous Tau [10], a microtubule-associated protein that is a major component of neurofibrillary tangles characteristic of Alzheimer's disease (AD) and other dementias, is detected in mice with Dicer deletion throughout the forebrain [10] .
Specific miRNAs have been implicated in neuronal differentiation and maintenance of neuronal phenotype [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For example, miR-133b is enriched in midbrain dopamine neurons of the mammalian brain [22] , where it regulates the maturation and function of midbrain dopamine neurons through a negative feedback circuit involving the transcription factor Pituitary homeobox 3 (Pitx3) [23] . The brain-enriched miRNA, miR-124, promotes neuronal gene expression in differentiating neural progenitor cells [24] . Moreover, miR-124 expression is inhibited by repressor element 1-silencing transcription factor (REST) [25] , a master repressor of neuronal gene expression [26, 27] . Conversely, the function of REST is inhibited by miR-124 through an inhibitory action on small C-terminal domain phosphatase 1 (SCP1) [28] , a major component of the REST complex. The REST-miR-124 signaling axis therefore plays a central role in controlling neuronal phenotype [12, 29, 30] . More recently, miR-132 was shown to be rapidly upregulated in the primary visual cortex of neonatal rodents after eye opening and was delayed by dark rearing [22] . Conversely, monocular deprivation reduced miR-132 expression in cortex contralateral to a light-deprived eye [23] . These findings show that miRNAs regulate the development and maintenance of healthy neurons and that miRNA dysfunction may contribute to neurodevelopmental abnormalities and neurodegenerative disorders.
MicroRNAs and neuroplasticity
Dicer deletion in Ca 2+ /calmodulin-dependent protein kinase II (CaMKII)-positive neurons in mice results in enhanced learning and memory [31] , suggesting that
